Many aerosols present in nature (e.g., atmosphere) or artificially generated for various purposes (e.g., inhalation) are composed of liquids that are prone to continuous evolution due to thermodynamical changes of surrounding conditions as for example temperature and humidity. Thermodynamical changes influence the aerosol dynamics causing condensation or evaporation and subsequent aerosol size growth or shrinkage. These evolution mechanisms simultaneously influence the aerosol deposition due to particle size dependent nature of the aerosol deposition mechanisms (i.e., inertial and diffusional deposition). As the experimental measurements of evolving liquid aerosol deposition are challenging, development and validation of computational models allowing aerosol simulations are important to explore and understand the underlying physics. In this manuscript, we present our multispecies evaporation/condensation model implemented in an Eulerian aerosol framework. The model is validated by comparing with the available literature data for droplet evaporation/condensation under controlled conditions. We applied the model to explore the effect of the temperature and humidity variations on the aerosol size change and its consequent influence on the aerosol deposition in a bent pipe for single-and multispecies mixtures. We show influence of condensation on the aerosol deposition efficiency for various particle sizes. Our results demonstrate that particle size growth favoring inertial deposition and inhibiting diffusional deposition can significantly influence the number of depositing particles and result in an increase of the deposited liquid mass on the walls. These effects are caused by subtle interaction of flowing aerosols in the laminar boundary layer with surrounding vapors available for condensation and they are dependent on the gradient of temperature between flowing mixture and walls.
aerosol conditions and it has time scales comparable to the transport phenomena (Hinds, 2012) .
In this manuscript, we pay particular attention to condensation/evaporation processes as they are involved in many multiphase flows of practical interest such as spray cooling (Lin & Ponnappan, 2003) , gas-fuel premixing (Sirignano, 1983) and respiratory flows (Longest & Kleinstreuer, 2005) . In such flows, dispersed liquid particles are often subject to significant convection and subsequent vaporization or condensation depending on the thermodynamical conditions present in the surrounding gas phase. In spite of the ubiquitous contribution of condensation/evaporation to aerosol related applications, these processes are not yet fully understood (Vejerano & Marr, 2018) .
Mathematical modeling has shown its capability to deepen our understanding of various aerosol processes (Sirignano, 1993) . Mathematical modeling of condensation/evaporation requires non-linear coupling of mass, momentum and energy transfer linked with gas, liquid and solid phase interactions (Seigneur et al., 1986) . Solution of the non-linear mathematical formulations is only feasible in presence of accurate and efficient computational algorithms (Aggarwal, Sirignano, & Tong, 1984) . A broad revision and evaluation of such models can be found in Miller, Harstad, and Bellan (1998) , where, for each model, the authors discuss the main limitations and present a detailed comparison with the experiments and available data.
The dynamics of aerosol mixture is also significantly affected by particles filtration (Friedlander, 1958) . Particle deposition on the surfaces along the aerosol transport path depends on particle size and particle number density (Hinds, 2012) . Small particles are subject to influential interactions with the carrier gas molecules and deposit by Brownian diffusion (Gupta & Peters, 1985) . Large particles deposit by sedimentation due to gravity or by inertial deposition due to deviation of the particle trajectory from the flow streamlines (Crane & Evans, 1977) . These mechanisms occur simultaneously with magnitudes depending on the aerosol particle sizes. Condensation/evaporation modifies particle size distribution influencing size dependent deposition mechanisms. Therefore, for a flowing aerosol mixture not only the individual aerosol processes of condensation/evaporation and deposition are relevant, but also their interactions. Computational Fluid Dynamics (CFD) is capable in capturing such interactions between different physical processes and in evaluating their importance (Rostami, 2009 ). In spite of various studies on aerosol evolution and deposition, there are still several aspects, which need further investigations to understand the underlying physics. It has been experimentally shown that deposition of dense liquid aerosol in the mouth is very high, which cannot be explained by diffusion, sedimentation or impaction (Armitage, Dixon, Frost, Mariner, & Sinclair, 2004) . CFD provides capability to evaluate the effect of condensational particle growth on the transport and deposition of liquid particles (Longest & Xi, 2008) . Aerosol deposition has been experimentally and numerically studied in bent pipes since the simple geometry provides useful setting in which deposition mechanisms can be systematically evaluated (Cheng & Wang, 1981; Pilou, Tsangaris, Neofytou, Housiadas, & Drossinos, 2011; Pui, Romay-Novas, & Liu, 1987; Vasquez, Walters, & Walters, 2015) .
Here we introduce our multispecies condensation/evaporation model developed in an Eulerian aerosol framework and used to investigate the particle size changes due to the temperature and humidity variations in a bent pipe. We further analyze the influence of the aerosol evolution on the deposition mechanisms. This manuscript is divided into the following sections. Mathematical formulations and computational algorithms are outlined in Section 2. Validation of the presented condensation/evaporation model with the available literature data is presented there. Consequently, the developed model is applied to simulate the multispecies evolving aerosol deposition in a bent pipe for which the numerical results including their discussions are presented in Section 3. Final remarks and conclusions are summarized in Section 4.
Materials and methods

Physical processes
The aerosol flowing through its path undergoes several physical processes. The transport of the carrier vapor phase is governed by diffusion and convection, while the particles are transported by analogous mechanisms of Brownian motion and drag due to interactions with the carrier phase. Differences in vapor concentration and pressure at the particle's surface and far from the surface lead to mass exchange between vapor and liquid phases. In general, for an aerosol mixture with undersaturated vapor pressure, liquid phase evaporates, while for an aerosol mixture with saturated or supersaturated vapor pressure the mass exchange is reversed and gas phase condensates. We use an Eulerian-Eulerian approach to model the aerosol mixture. This approach couples the aerosol processes such as diffusion, drift and condensation/evaporation to the transport equations of mass, momentum and energy. In the following sections, we first outline the mathematical formulations of the models and then we introduce the numerical schemes, validation of the models, geometry and computational grid and boundary conditions.
Mathematical formulations
Carrier phase flow and species transport models
Eqs.
(1)-(3) are the mass, momentum and energy equations, and Eqs. (4) and (5) govern the species transport in vapor and liquid phases, respectively. This set of equations have been extensively discussed in the former publications of the group (Frederix, 2016; Frederix, Stanic, Kuczaj, Nordlund, & Geurts, 2015) . In this set of equations, is the mixture density, u represents the gas velocity, stands for the relative vapor to liquid density, f is the drift flux of the particles mass, p is the pressure, t is the time, and T represents the mixture temperature. The material properties of the mixture including µ as the dynamic viscosity, c p as the heat capacity at constant pressure, and as the heat conductivity are temperature dependent and they are introduced in Appendix B. denotes the rate of the strain tensor defined as
T 2 3
with I as the identity tensor. In Eq.
(1), the right hand side term represents the density flux due to particles drift. In Eq. (3), with the assumption of a dilute aerosol, we consider that temperature of the gas and liquid phases are in equilibrium. Eqs. (4) and (5) are reformulated to be consistent with OpenFOAM convective flux definitions. Y is the mass fraction of individual species j in vapor phase and Z is the mass fraction in liquid phase for the total number of species in the mixture . From the mass conservation, we have
. Finally, S Yj and S Zj represent the source terms in vapor and liquid phases, respectively. These source terms stand for the aerosol processes of condensation and evaporation, and therefore,
The definition of these source terms is presented in Section 2.2.3.
Particle size distribution and transport model
While the presented governing equations provide detailed information about flow and species transport, in order to explore the size dependent physics of the aerosol mixture, we need size distribution of the aerosol particles. We assume an internally mixed aerosol, which means that the composition of aerosol is locally independent of particle size. At position x of the domain and time t, particles have the same composition independent of their size. With this assumption, the mass fractions Y and Z are expressed as a function of space and time (i.e. Y x t ( , ) and Z x t ( , )) and not as a function of particle size. The particles size is introduced with a new independent variable s and the corresponding distribution function is given by n s t x ( , , ) as the particle number density and defined as the number of particles per unit of volume with the particle size range of + s s s [ , d ], at t x ( , ). The particle size distribution follows its own transport equation called as the General Dynamic Equation (GDE).
The right hand side of this equation J s t x ( , , ) is responsible for redistribution of n s t x ( , , ) due to aerosol physical processes such as condensation/evaporation (Friedlander, 1983; Hounslow, Ryall, & Marshall, 1988) . In order to rewrite GDE equation in the form of other transport equations in the system, we substitute n with M which is the particle number per unit of mixture mass = M n/ . Following the sectional formulation introduced by Frederix, Stanic, Kuczaj, Nordlund, and Geurts (2016) , we discretize the continuous particle number density function M s x t ( , , ) in Q so-called size 'sections' of s q Q . It gives us the transport equation of the particle number density M in the following form:
Eq. (7) should be normally written in terms of particle velocity in the convective flux term. However, in order to have the flux definition consistent with other transport Eqs. of (1)- (5) and implementation reasons as explained in Frederix (2016) , we have used the gas phase velocity u in the flux. Therefore, it should be corrected for the drift of particles due to the droplet inertia and Brownian diffusion resulting in the first two terms in the right hand side of the equation. u q is the drift velocity of the particle with mass s q . Source term S Mq accounts for redistribution of particle number density generally due to aerosol physical processes such as condensation/evaporation, nucleation and coagulation, but here this source term is limited to condensation/evaporation process. More details of this formulation are outlined in the following publications Frederix, Kuczaj, Nordlund, Veldman, & Geurts, 2017) .
Condensation/evaporation model
The multispecies condensation/evaporation formulation is adapted from a single particle single species formulation originally presented by Abramzon and Sirignano (1989) and reviewed by Miller et al. (1998) 
in which m is the single particle mass, d m t is the condensation mass transfer rate, Sh stands for Sherwood number, Sc is Schmidt number, represents Stokes droplet relaxation time, and H B ( ) M is specific driving potential for the mass transfer. For the multispecies context, we need to obtain the species specific condensation rate for the individual species. The Spalding mass transfer number B M introduced for single species models (Miller et al., 1998 ) is replaced with a modified formulation of species-averaged Spalding mass transfer number B j :
in which the vapor mass fractions Y j and the saturated vapor mass fractions Y j sat are obtained for a set of all phase changing species S ps . In spite of the species index in B j , this parameter gets a similar value for all the species, which is an species-averaged Spalding number.
The Schmidt number is defined as:
in which µ is the vapor viscosity, is the mixture density, and D is the diffusivity, which is calculated with a mixture mole fraction averaged formulation: 
In the case of condensation < B 0 j , the averaging is done with respect to the vapor mole fractions X j and in the case of evaporation, it is an average with liquid mole fractions W j .
Summarizing, the multispecies formulation for condensation rate becomes:
in which d is the particle size and j is species specific fraction of the total condensation rate:
.
The summation of j considering the definition of B j from Eq. (9a) equals to one. The Sherwood number representing the mass transfer is calculated with the following correlation (Sirignano, 1999 
In order to close this set of equations by computing the Spalding number, we need to calculate Y sat . This quantity is calculated using saturated vapor mole fractions X j sat and molecular weight of each individual species:
where MW j is the molecular weight of species j in the mixture. The saturated vapor mole fractions X j sat are calculated using a modified Raoult's law which takes into account the non-ideal behavior of the vapors in the mixture with introduction of the activity coefficients (Tu & Ray, 2005) :
where j is the activity coefficient. W j stands for the liquid mole fraction, p j sat is the saturated vapor pressure for each species, and p is the vapor mixture pressure. In order to close Eqs. (4) and (5), we derive the condensation/evaporation source terms with reference to Eq. (12) as the condensation rate for a single particle in size section of q:
in which, M q is the particle number density in size section q and d s t q j is the condensation rate for a particle with the size of s q calculated referring to Eq. (12). In Eq. (12), we calculate the evaporation flux of each species for particles of different size. Only after having modified the particles size domain, the mass fraction source terms in Eq. (18) are locally integrated and then redistributed between all size sections using the internally mixed assumption.
Numerical schemes
The mathematical formulations presented in the previous section are solved with open source software of AeroSolved developed in the OpenFOAM framework. Time integration is done with a first order Euler implicit scheme. The discretization of flow velocity u and temperature T are done with a second order upwind scheme. The divergence terms in the transport equations of vapor mass fraction Y , liquid mass fraction Z , and particle size distribution are discretized using a second order van Leer limiter scheme Van Leer (1979) . All the gradient and Laplacian terms are discretized with a second order accuracy central scheme.
Validation of the models
In this section, we present validation of the models with the available literature data.
Validation of the transport and deposition models
For deposition in bent pipes, there is a series of numerical and experimental studies in the literature (Cheng & Wang, 1981; Pilou et al., 2011; Pui et al., 1987; Vasquez et al., 2015) . Pui et al. (1987) investigated the deposition in bent pipes for a range of Reynolds numbers and bent curvatures. In Fig. 1 , we have compared the calculated deposition efficiency with the experimental measurements for the flow at Reynolds number of 1000 and a range of particle sizes. Deposition efficiency is defined as the ratio of particle flux 'depositing on the wall' divided by the particle flux 'entering the bent pipe'.
where i F , is the total flux of the particles with the size of s i crossing face F on the wall or inlet. i F , includes two terms of advective and diffusive fluxes, and the advective term is defined with the particle velocity. At the inlet, we assume that particle velocity equals to carrier gas velocity, which is imposed as a parabolic profile assuming a fully developed flow condition. Since the particle number density distribution over the inlet surface is uniform, the integral (summation) of flux in Eq. (19) depends on the average velocity imposed at the inlet. The non-dimensional Stokes number is the ratio of the particle inertial time scale over the flow convective time scale and is defined as:
in which U is the flow bulk velocity, l is the particle density, µ stands for carrier gas viscosity, d represents the particle size, and R is the bent pipe radius. The comparison and validation of the transport and deposition model with other sets of available data in the literature are already shown in Frederix et al. (2017) .
Validation of the evaporation/condensation model
In order to validate the evaporation/condensation model, we use the experimental data for the size evolution of a suspended droplet in an electrodynamic balance inside a cloud chamber (Ranz & Marshall, 1952; Tu & Ray, 2005) . This verification is done for both single species and multispecies mixtures. In the first set of experiments, water droplet is let to evaporate in a chamber filled with dry air and the size of the droplet is measured over time using the optical instruments to evaluate the rate of the evaporation (Ranz & Marshall, 1952) . With our Eulerian-Eulerian approach, the experiment was modeled by simulating a very dilute aerosol in which the (Pui et al., 1987) . The standard deviation of the model results with the experimental data is 7%.
particles are distributed far enough from each other to assume that their evaporation does not influence the vapor concentration surrounding the neighboring particles. Therefore, a set of 1000 particles with initial diameter of 1.05 mm were distributed in 1 m 3 volume of air, resulting in an average distance between particles of approximately 100 times the particle diameter. Fig. 2 shows the particle diameter squared change versus time calculated with the model and compared with the experiments. As predicted by the D 2 law in drop evaporation (Miller et al., 1998) , diameter squared changes linearly with time.
The second set of experiments evaluates the condensational growth of a particle in a cloud chamber. A single glycerol droplet is suspended in an electrodynamic balance inside the chamber in which salt solution is introduced at = t 0. Water vapor starts rising from the solution and condensates on the particle surface. The relative humidity in the chamber and size growth of the particle are measured and reported in Tu and Ray (2005) . In order to reproduce the experimental conditions, water vapor mass fraction values corresponding to the measured relative humidity over time was imposed at the boundaries of the simulation domain as shown in Fig. 3(a) . In order to capture the non-ideal dynamics of the mixture, the saturated vapor pressure used in the evaporation/condensation model is computed using Eq. (17). The following correlations for activity coefficients were employed in this simulation:
, water water water
Fig. 2. The particle diameter squared change with time for a single species water particle evaporating in a chamber filled with dry air. The model results are compared with the experimental data (Ranz & Marshall, 1952) . The standard deviation is 0.013 mm 2 . Water vapor mass fraction is calculated from relative humidity measurements in the center of the cloud chamber after introduction of salt solution into the chamber at = t 0 (Tu & Ray, 2005) . This water vapor mass fraction over time is imposed in our model in order to evaluate the condensational growth of the droplet. (b) The glycerol droplet size growth with time calculated with the multispecies condensation model and compared with the experimental data (Tu & Ray, 2005) . The experiment is simulated in Eulerian setting with the assumption of very dilute aerosol, in which the particles are assumed to have negligible effect on the neighboring particles and their surrounding vapor. The standard deviation of the model output compared with the experiments is 0.075 µm. (2005), Kiraz, Karadağ, and Muradoğlu (2008) . water and glycerol are respectively activity coefficients of Water and Glycerol in Water-Glycerol mixture and W water is liquid mole fraction of Water. These correlations were obtained from Tu and Ray (2005) , Kiraz et al. (2008) and previously used in Zhang, Kleinstreuer, and Hyun (2012) . The droplet size growth was evaluated in our simulation, which is in agreement with the experimental measurement as shown in Fig. 3(b) . When the activity coefficients are set to one in Eq. (17) with the assumption of an ideal mixture, our simulation shows an underestimation of the final droplet size with 25% difference with the experimental measurement.
Bent pipe geometry, computational mesh and numerical settings
We evaluate aerosol evolution and deposition in a bent pipe (90°curved pipe) geometry. We showed a good agreement of our model calculations for the deposition efficiency with the experiments in the previous section. The geometry of the bent pipe is shown in Fig. 4 . The diameter of the pipe is 18 mm. In order to be consistent with previous investigations (Pui et al., 1987) , other dimensions including the bent curvature and the longitudinal extension lengths are normalized by the pipe diameter. An O-type structured mesh is generated as shown in Fig. 4 , which guarantees accuracy of the numerical results since mesh structure is aligned with the flow.
In order to test independence of numerical results versus discretization, we have performed a number of simulations by varying the mesh resolution. In addition, our Eulerian sectional aerosol modeling approach is dependent on the aerosol size distribution resolution (i.e., the number of sections Q). We have tested the influence of this parameter on the mass deposition flux of particles on the surface in order to assess the numerical accuracy. Results are presented in Table 1 . By refining the numerical parameters of the simulations such as mesh resolution and number of particle size sections, convergence in the calculated mass deposition flux is achieved. Obtained value of mass deposition flux becomes sufficiently numerically independent at the mesh size of 186480 cells and 64 sections used to approximate particle size distribution. We have used these values for all simulations reported in the manuscript. (1987) . The O-type structured mesh is also shown in this figure. The generated mesh size is reported in Table 1 .
Table 1
Influence of mesh size and number of sections Q used for particle size distribution discretization. The convergence is assessed using mass deposition flux e deposition and its change with mesh size or number of sections e deposition . 
Time scales
Next to spatial and particle size distribution resolutions, we assessed physical time scales of simulated processes in the system (i.e., aerosol transport and evolution). Such assessment is useful for applying required time stepping resolution. The formulations and procedure to calculate the time scale of the processes are reported in Appendix A. Table 2 shows the calculated time scales for condensation/evaporation and coagulation processes for a range of particle sizes analyzed in the manuscript and particle number density of 10 1/m 12 3 . The calculated coagulation time scale is very large > ( 1000 s) compared with the flow residence time in the bent pipe for = Re 1000 being equal around 0.2 s. Coagulation process is directly related with the particle number density and it becomes dominant for higher densities. From this perspective, coagulation can be neglected in our simulations for a dilute aerosol. Condensation/evaporation, on the other hand, is a relatively rapid process occurring in time scales much smaller than the flow residence time. According to this analysis, we set the maximum time stepping of 10 s 4 , which is 10 times smaller than the time scale of the condensation/evaporation for a range of evaluated parameters and it satisfies the required time resolution considering the polydispersity of the particle size distribution.
Boundary conditions
In this section, we present general boundary condition settings for the simulations. We use a constant flow boundary condition at the inlet with a fixed temperature value. The inflow aerosol is saturated and at equilibrium between liquid and vapor phases in terms of the particle count median diameter CMD. The saturated vapor mass fractions are obtained following Eq. (16). The particle size distribution at the inlet is assumed to follow log-normal shape described with the particle size characteristics such as count median diameter (CMD) (or mass median diameter (MMD)) and geometric standard deviation (GSD). TPMF stands for the total mass of the particles relative to mass of the carrier gas and is defined in Eq. (22d):
in which d i is the particle diameter corresponding to the particle mass size of s i , n s ( ) i is the particle number density per unit of volume for particles of size s i , N p is the total number of particles, M p is the total mass of the particles and is the mixture density. The particle size distribution of the base case settings (see Table 3 ) with its characteristics is shown in Fig. 5 . The particle number density in the vertical axis of the figure is normalized with the total number of particles and particle diameter size. This normalization ensures that the integral of the surface under size distribution curve remains one with condensation growth. We have used a similar normalization for the particle number deposition flux with the total particles flux at the inlet and particle diameter size.
At the outlet boundary, fixed pressure value and zero-gradient for the rest of the quantities are applied. At the walls, zero-gradient Table 2 Time scales evaluated for aerosol evolution processes for a range of particle count median diameters. The geometrical standard deviation is set at = GSD 1.33 and the particle number density is = n 10 1/m 12 3 as defined in Eq. (6). These calculations are done for a single species mixture of propylene glycol. 1.5·10 3 9.36·10 3 1.5·10 1
Table 3
The particle size characteristics and inflow temperature for the base case settings.
Parameter/condition Inflow temperature Count median diameter Geometric standard deviation Particle number density Total particle mass fraction for the pressure and no-slip condition for the flow velocity are applied. The temperature of the wall is kept constant at the fixed value of°37 C. For single species simulations of propylene glycol, we applied a zero-gradient boundary condition for vapor mass fraction at the wall. For multispecies simulations of water and glycerol, we applied a fixed value of 100% relative humidity and a zero-gradient boundary condition, respectively, for water and glycerol vapor mass fractions at the wall. The zero-gradient boundary condition used for propylene glycol and glycerol vapors results in no vapor absorption on the wall. Therefore, vapor absorption as another mass deposition mechanism is neglected in this manuscript, and the focus is only on liquid deposition mechanisms. The inertial and diffusional deposition of the particles at the wall are treated as documented in Frederix et al. (2017) .
Results and discussion
Condensational growth and deposition
In this section, we investigate the evolution of a single species mixture in the bent pipe. We also evaluate the influence of the particles size change on the particles deposition flux on the bent pipe surface. We performed simulations for propylene glycol (in air), which is a volatile species in our considered range of temperatures. Initially, the inflow temperature is set to =°T 50 C inflow , which represents a warm vaporized aerosol. We will vary this temperature value in other simulations and show influence of it on the results in Section 3.3. The flow rate is set to 12.9 L/min corresponding to Reynolds number of 1000. We have validated the transport and deposition model with the available literature data (see Section 2.4.1) for this Reynolds number value. The pipe wall temperature is kept constant at°37 C. The mixture enters the bent pipe at equilibrium condition between liquid and vapor phases in terms of the particle count median diameter. The aerosol characteristics are reported in Table 3 . These values will serve as an starting point (base case) for our numerical investigations. In the next sections, parameter studies are performed to evaluate the sensitivity of the Fig. 5 . Particle number density versus particle diameter size in a log-normal distribution shape. The distribution has a CMD of 1 µm, MMD of 1.26 µm and GSD of 1.33. Fig. 6 . The particle size distribution at the inlet and the outlet of the bent pipe. Due to the condensational growth of the particles, the distribution is shifted towards larger particle diameter size. obtained results to the aerosol characteristics. Fig. 6 shows the particle size distribution at the inlet and outlet of the bent pipe. There is about 20% increase in CMD from the inlet to the outlet indicating the particles size growth and 3% decrease in GSD indicating only slight reduction in polydispersity measure. The condensational growth is driven by°13 C temperature decrease from the inflow temperature to the pipe wall temperature. Since the mixture at the inlet is saturated, the decrease of the temperature results in supersaturation, which drives condensation of vapor to retain the vapor-liquid balance or saturation.
In Fig. 7 , snapshots of the velocity, temperature and vapor mass fraction fields are shown on the symmetry plane in the bent pipe at the steady state condition. The secondary flows (Dean vortices) in the curved region of the pipe, as shown in snapshots of plane along A-A line, increase mixing efficiency for the vapor and particles. Consequently, increased mixing efficiency results in uniformization of the temperature distribution in the bent region. The temperature drop in the domain results in supersaturated condition and it drives mass transfer from vapor to liquid phase. Therefore, looking at the mass fraction of the vapor in the domain shown in Fig. 7 , there is less vapor mass fraction in the regions with lower temperatures.
Next, we evaluate the influence of the condensational growth on the particle deposition flux on the bent pipe surface. We assume to have a mixture with the same thermal properties and we do not consider evaporation/condensation mass transfer (non-evolving aerosol) in the model in order to evaluate the differences in the deposition flux. Fig. 8 shows the comparison of particle number and mass deposition fluxes for evolving and non-evolving aerosols. The deposition flux shown in this figure is an integral value over the surface of the bent pipe. The total particle number deposition flux, which is calculated by integrating the particle number deposition flux over the size sections in Fig. 8 panel (a) is 6% less for evolving case compared with non-evolving case. However, total mass deposition flux computed by integrating the flux in panel (b) is 10 times larger for evolving case compared with non-evolving one. Therefore, condensational growth reduced the number of depositing particles but enhanced the mass deposition flux.
The number of depositing particles depends on the efficiency of deposition mechanisms, namely diffusion and impaction. These mechanisms are highly particle size dependent (Rostami, 2009) . Condensational growth of the particles inhibits deposition of small particles, which is diffusion driven. On the other hand, it enhances deposition of large particles driven by inertial forces. The competition of these two mechanisms determines the total change in particle number deposition flux. For the considered flow conditions and particle size of 1 µm (CMD), Fig. 9 shows that the deposition efficiency is very low for both diffusion and impaction deposition mechanisms. Since 1 µm particle size falls on the left wing of the v-shaped deposition efficiency curve in Fig. 9 , condensational particle growth for evolving aerosol leads to decreased particle number deposition flux compared to non-evolving aerosol. For the assumed particles with a spherical shape, particle mass depends on the diameter size to the power of three. Hence, the contribution of large particles to the mass deposition flux is much larger than the contribution of small particles. This explains the increased mass deposition flux despite the reduced number of depositing particles due to the condensational growth between evolving and non-evolving cases.
Sensitivity to particle size distribution
In this section, the sensitivity of the results to particle size distribution is evaluated. Since we are simulating the polydisperse aerosols, the sensitivity of the results is assessed with respect to characteristic measures of particle size distribution: CMD and GSD as introduced in Section 2.7. We have also introduced TPMF to measure the total mass exchange between liquid and gas phases in condensation/evaporation. The inflow temperature is kept constant at the fixed value of =°T 50 C inflow . Table 4 reports condensational size growth for a range of inflow aerosol characteristics. The condensational size growth is larger for a dilute mixture with smaller initial CMD and larger GSD. Table 5 .
Table 4
Characteristics of aerosol for various cases (A-G) imposed at the inlet and calculated at the outlet as the result of condensational growth. The simulations are conducted for single species aerosol containing propylene glycol. Table 5 reports calculated deposition fluxes for varying aerosol characteristics. For each case, a corresponding value for nonevolving aerosol deposition flux is reported. Irrespective of the aerosol characteristics at the inlet, the mass deposition flux of the evolving aerosol is larger than the one of the corresponding non-evolving aerosol. The magnitude of the increased mass deposition flux depends on the initial aerosol characteristics. The underlying reason is two-fold: (i) First the particle condensational growth in the bent pipe depends on the aerosol characteristics as shown in Table 4 . Consequently, the delivered mass by the deposition of each particle on the surface also changes depending on the initial aerosol characteristics. (ii) Secondly, the efficiency of deposition mechanisms determining the number of depositing particles depend on the size characteristics of aerosol as well. The deposition efficiency, which is calculated as the number of depositing particles divided by the number of particles entering the bent pipe is shown in Fig. 9 . The values are obtained for our flow conditions at = Re 1000 and for non-evolving particles. The left side of the plot (smaller particle sizes) represents diffusion dominated deposition while on the right side of the plot (larger particle sizes), inertial deposition (impaction) dominated regime is shown. Diffusional deposition is inhibited by the particle size growth, while inertial deposition becomes dominated for the larger particles. Therefore, depending on the initial location of the particle size on the deposition curve, the competition of the deposition mechanisms for the growing particles leads to increase or decrease of the total particle number deposition. Three values for the considered count median diameters are shown on the plot as reported in Table 9 . CMD of 0.4 µm (A) is on the diffusional deposition side of the curve. Therefore, any increase in the particle size results in the reduction of the particle number deposition flux until it will not reach the impaction dominated region. Similarly, 1 µm particle size corresponds to the region with minimum deposition efficiency on the curve, but is still located on the left side of the curve. Condensational growth of the particle, therefore, does not change the particle number deposition flux remarkably. Finally, 4 µm particle size is located in the impaction dominated region and shows an increase of the deposition efficiency with the particle size growth.
Sensitivity to inflow temperature
The difference between inflow temperature T inflow and bent pipe wall temperature T w determines the temperature gradient experienced by flow and aerosol in the bent pipe. It affects aerosol and flow dynamics by influencing the mixture thermal properties Table 5 Comparison of the deposition fluxes for evolving and non-evolving aerosol mixtures with similar thermal properties for a range of inflow aerosol characteristics. The cases A-G have the same size characteristics as reported in Table 4 . The highlighted row stands for the base case scenario values. (e.g., saturated vapor pressure, diffusivity, and viscosity). In this section, we evaluate the aerosol size evolution and deposition flux for different inflow temperatures. Since the inflow mixture in our simulations is saturated and at equilibrium between liquid and vapor phases (see Section 2.7), the change of inflow temperature would also adjust the vapor-liquid mass fractions since saturation pressure varies with the temperature. For the fixed wall temperature, depending on the inflow temperature, the aerosol undergoes condensation
We have simulated both of these scenarios. Fig. 10 shows particle size distribution at the outlet and mass deposition flux on the wall surface for a range of inflow temperatures in the condensation settings T T ( ) inflow w . Our simulations for a range of inflow temperatures show a larger particle size growth for a larger temperature decrease in the bent pipe. Deposition mass flux also increases in case of a larger temperature difference between inlet value and wall. Fig. 11 displays particle size distribution and mass deposition flux for the evaporation settings T T ( ) inflow w in which aerosol undergoes a temperature increase, when it flows through the bent pipe. Particle size distribution is clearly shifted towards smaller sizes with increasing difference between inflow and wall temperatures. The mass deposition flux decreases due to the evaporation of the particles.
Multispecies mixture
In this section, we extend our study to multispecies mixtures. The simulated multispecies mixture is 80% glycerol and 20% water in mass. This mixture is composed of glycerol as a less volatile species and water, which is a volatile species in our considered range of temperatures. The evolution of glycerol-water mixture is validated against the available literature data for condensational growth of a droplet and presented in Section 2.4.2. For the results presented in this section, we kept constant values of = Re 1000 and =°T 37 C w in our simulations. The humidity at the bent pipe surface is maintained at the saturation level (100%) for water vapor. Fig. 12 shows the particle size evolution and mass deposition flux in the bent pipe for inflow temperature of°50 C. Condensational growth of the particles in this case is larger compared to single species PG aerosol due to presence of water. The particle size distribution evolves towards larger sizes from the inlet to the outlet. Deposition flux for evolving aerosol changes shape from its initial log-normal distribution towards bi-modal characteristics. The second peak seen in the distribution appears due to the high relative humidity in vicinity of the wall, which triggers condensation growth. These results clearly indicate a need to resolve the particle size distribution in detail as done in our sectional approach. Similar analysis as done for the single species mixture is performed here in order to evaluate the aerosol evolution for a range of aerosol characteristics. The results are summarized in Table 6 . The deposition flux of the multispecies aerosol includes fractions of each species. The contribution of each species to the total deposition mass flux is calculated and reported in Table 7 . In spite of remarkable increase in the total deposition mass flux of the evolving aerosol compared with the non-evolving aerosol, the mass contribution of glycerol decreases. Therefore, the observed increase in the deposition mass flux is solely attributed to water condensation. This effect can be explained with respect to the changes in the particle number deposition flux. Smaller number of particles is depositing in case of evolving aerosol compared with non-evolving aerosol (Table 7) . This change in the particle number flux is due to a reduction in deposition efficiency as discussed for the single species aerosol. It indicates that the increased number of large particles that deposit by impaction does not compensate the decreased number of small particles that deposit by diffusion, which is inhibited by the condensational size growth. Since glycerol is not a volatile species in this range of temperature and does not condensate, its deposited mass decreases due to the reduction of the depositing particle number. Large condensation rate of water compensates the reduction in the particles number and results in an 
Conclusion
In this manuscript, we presented a multispecies liquid condensation/evaporation aerosol model implemented in an Eulerian framework AeroSolved. We paid particular attention to condensation and evaporation processes that are involved in a broad range of applications (e.g., aerosol generation, inhalation) and usually occur at the physical time scales comparable with the transport phenomena. Our mathematical formulation of the condensation/evaporation aerosol model accounts for a non-linear coupling of mass, momentum and energy combined with gas and liquid phase interactions. We use temperature dependent material properties for species allowing to accurately resolve the local gradients of the mixture properties due to the temperature variations. Multispecies mixture dynamics is based on the modified Raoult's law including activity coefficients to encounter for non-ideal behavior of evaporating species. We have validated the model against the available literature data for condensation and evaporation of single species 
Table 6
Characteristics of aerosol for various cases (A-G) imposed at the inlet and calculated at the outlet as the result of condensational growth. The simulations are conducted for multispecies mixture of glycerol and water.
Table 7
Comparison of the deposition fluxes between evolving and non-evolving aerosol with the same thermal properties. The simulations are done for a multispecies aerosol of glycerol 80% and water 20%. The simulation is conducted for our base case scenario values. and multispecies aerosols. Developed and validated model allowed us to study the influence of the condensational growth of particles on the deposition of evolving aerosols in a bent pipe geometry. We simulated aerosol evolution and deposition for single species propylene glycol and multispecies glycerol-water aerosols with temperature and humidity changes along the bent pipe. Our choice of geometry, simulated species and conditions was not a coincidence. The diameter of the bent pipe is close to typical sizes of upper respiratory tract in the trachea region and the temperature of the walls were kept at°37 C corresponding to the human body temperature. Propylene glycol and glycerol are common aerosol formers that are biologically approved and used for inhalation purposes. Our choice of boundary conditions for the initial aerosol flow was motivated by the way how the aerosol can be generated (e.g., homogeneous nucleation by cooling fairly hot vapors or nebulization occurring usually at ambient temperature). The simulated conditions and changes can be easily interpreted in the context of inhalation physics concerning the flow of evolving aerosols through convection dominated transport in the upper respiratory tract. We evaluated sensitivity of the results to the initial aerosol characteristics and inflow aerosol mixture temperatures. We also compared deposition fluxes for evolving and non-evolving aerosol with the same thermal properties in order to evaluate the impact of size evolution on deposition.
For a saturated mixture flowing through the bent pipe with a decreasing temperature gradient, our simulation demonstrated a rapid condensational growth of particles, which increases the size of 1 µm particle from the inlet to the outlet by 20%. We also showed how condensational growth of the particles influences the aerosol size dependent deposition fluxes. The total mass deposition depends on the delivered mass of each depositing particle that increases due to condensation, but also depends on the total number of particles deposition (particles number density flux). The latter is regulated by the efficiency of the deposition mechanisms depending on the particle size. We showed for a range of initial particle sizes that condensational growth can either inhibit the particle number deposition efficiency for diffusional deposition regime or enhance it for the inertial regime.
For a multispecies aerosol mixture, we evaluated the hygroscopic growth of the glycerol-water particles flowing in air with the relative humidity of 100% and decreasing temperature along the bent pipe. While the particle size distribution in the core of the flow is in a log-normal distribution, we showed that the particle size distribution shape deviates from a single mode log-normal configuration due to high humidity in vicinity of the wall. Rapid condensational growth of particles in this near wall region causes double mode particle size distribution that is well captured by application of our sectional aerosol model. Deposition of less volatile species like for example glycerol depends on the particle number deposition influenced by the efficiency of the deposition mechanisms (particles size versus dominant processes being diffusion for sub-micron particles or impaction for particles larger than one micrometer in diameter size). On the other hand, for water which is a volatile species, the mass deposition flux is remarkably high due to the condensational growth of the depositing particles absorbing water vapor due to thermodynamical changes in the boundary layer caused by cooling. The overall size-and species-dependent deposition is influenced by a subtle interaction of condensational growth and consequent aerosol evolution that may shift dominant deposition mechanism and its efficiency. Developed model in the AeroSolved framework is useful for further studies and detailed exploration of respiratory flows. in which n represents the particle number density in unit of volume, t stands for time, and is the time constant related to coagulation. This time constant could be written in the following form:
where we have:
in which T stands for the absolute temperature, k represents Boltzmann constant, µ is mixture viscosity, and stands for the mean free path length of the gas molecules.
A.2. Condensation/Evaporation
The time scale of the condensation/evaporation process can be derived from the formulations we presented in Section 2. In brief, the formulations are outlined as follows (Miller et al., 1998 
